Absorption efficiency profiles and localized surface plasmon resonance (LSPR) wavelengths are reported for metallic core-shell nanoparticles (NPs) placed over a BK7 glass substrate. A numerical study is performed with the vectorized version of the discrete dipole approximation with surface interactions (DDA-SI-v). Gold (Au) and silver (Ag) metallic components are used for the simulations of two different core-shell structures. Absorption enhancement and the hybrid modes of plasmon resonances of the core-shell structures are compared by using a measure that defines a size configuration. It is observed that a small volume fraction of the core sizes results in shell domination over the plasmon response. An additional study is conducted to discern the sensitivity of the refractive index of nanoparticles in different surrounding environments. With a selected core-shell size configuration of Ag-Au pairs, a significant absorption enhancement with a redshift of LSPR wavelength is observed for both Ag core-Au shell and Au core-Ag shell NPs. The absorption behavior of the bare metallic NPs and selected core-shell pairs in proximity to an external probe's tip is also analyzed. The gallium phosphide (GaP) and silicon (Si) tip usage are investigated with transverse electric (TE) and transverse magnetic (TM) wave polarizations. It is observed that the dominance of light polarization on the absorption enhancement of the NPs switches at different wavelengths, where the dielectric transition for tip materials occurs. These findings show the possible targeted uses of metallic core-shell nanoparticles in several areas such as nanomanufacturing, localized heating, biosensing, and material detection applications.
INTRODUCTION
Metallic nanoparticles (NPs) have strong absorption behavior over the entire visible light spectrum due to their relatively large absorptive index (k). An increase in metal particle size generally results in a redshift and damping of dipole resonance wavelength due to reduced restoring force and decreased effects of interband transitions. Moreover, plasmon responses of the metal NPs are strongly dependent on the surrounding or neighboring medium. Hence, biological detection through optical sensing of the refractive index of the surrounding medium can effectively be performed using metal particles and their hybrid structures [1] [2] [3] . Both experimental and numerical studies have shown that metal-metal core-shell nanoparticles can have hybridized plasmon modes, which are due to bimetallic structure inducing surface and cavity plasmons depending on the core/shell ratio [3] [4] [5] [6] [7] [8] . Hybrid plasmon modes of the metal-metal core-shell nanoparticles can be exploited for field enhancement, localized heating, optical detection, and controlled shell formation due to their wide tunability and the multi-peak response of localized surface plasmon resonance (LSPR) [8, 9] . LSPR response of metal-metal core-shell nanoparticles may not be well interpreted from their core/shell ratio unlike the case with dielectric-metal pairs [10] . Since the plasmon peak positions depend on the LSPR wavelengths of both core and shell plasmonic materials, composition ratio and shielding of the metallic shell can affect the position and amplitude of the LSPR [3, 7, 10] .
Zhang et al. [8] showed in their theoretical study that the bimetallic structure of core-shell NPs can have two different surface plasmon resonance (SPR) modes that lead to two peaks with ordinary and extraordinary modes. They also showed that different metal-metal arrangements can support both red-shift and blue-shift in the short (extraordinary mode) and long (ordinary mode) wavelengths as the core/shell size is varied. Since the field localizations occur both at the core-shell interface and on the outer shell surface, the size configurations of metal-metal structures can be utilized for optical detection and bio-sensing. Navas and Soni [11] experimentally and theoretically showed that metal NPs can have enhanced absorption in water compared to those in air. Moreover, they found that LSPR wavelengths red-shifts as the excitation of surface electrons needs smaller energy in medium with a larger refractive index. Comparisons of plasmon response of the metal NPs showed that Ag and Au NPs are good candidates as they have higher refractive index sensitivity, which can be utilized in bio-sensing applications.
An experimental study showed that the selective melting of metallic NPs is possible when the NPs are excited via total internal reflection (TIR) under a sharp scanning probe [12] . Localized heating and nanopatterning of an array of gold NPs on a glass substrate is further studied numerically and it is shown that exploitation of LSPR and near-field coupling of an external probe (such as an atomic force microscope (AFM) probe) with the NPs can enhance the absorption [13] . Moreover, absorption enhancement and LSPR wavelength changes are observed for the core-shell structures with dielectric and metal pairs, which can be utilized in optical tuning and localized heating applications [10, 14] . It is shown that near-field coupling can enhance the absorption of gold nanoparticles placed on a dielectric substrate under a dielectric tip due to perturbation on the dielectric environment [15] . Moreover, a comparison of incident wave polarizations for the absorption enhancement of gold nanoparticles showed that TM-wave illumination creates greater field enhancement. This is attributed to the fact that TE polarization creates decaying evanescent wave transverse to the tip-NP axis, while the TM one has additional partial polarization along the tip-NP axis leading to more perturbation on the dielectric environment of the nanoparticle [14, 15] . Nevertheless, the effect of a dielectric tip on the absorption of metal nanoparticles should not be generalized. Comparison of Ag and Au nanoparticles showed that Si tip damps the absorption of AgNP in contrast with the case of AuNP. The spectral absorption behavior of AgNP with Si tip results in increased damping factor dominating over the driving force. However, an increase in driving force domination results in absorption enhancement in the AuNP case [16] .
The studies in the literature related to LSPR wavelength tunability and refractive index sensing are mostly considered for the NPs in free space. However, in many applications such as bio-sensing, the nanoparticles are usually placed at an interface, where they interact with light and the surrounding media. Therefore, there is a need for investigation of optical absorption behavior under varying core/shell size at an interface so that these hybrid structures can be utilized in these applications. Hence, this study focuses on Ag and Au bimetallic core-shell nanoparticles placed over a dielectric surface. Moreover, the absorption suppression of metal nanoparticles under a dielectric tip as reported in [16, 17] are also applied to core-shell structures, with Si and GaP tips are analyzed considering their spectral refractive index, especially where these materials behave as a dielectric for the wavelengths greater than 490 nm [10, 14, 18] . Since the LSPR wavelengths of Ag and Au NPs in 50 nm diameter are around 365 nm and 515 nm [10] , respectively; the damping of absorption in AgNP may not be effectively seen for longer wavelengths. Therefore, there is a need for spectral absorption analysis in a wider range of spectrum including the LSPR wavelength of both Ag and Au nanoparticles.
Nanostructures and their interaction with light and surrounding medium can be efficiently evaluated with a semi-analytical computational electromagnetic method that is referred to as discrete dipole approximation (DDA). The method was extended for configurations, where nanostructures are placed over a dielectric substrate by considering the Sommerfeld integral formulation. This approach was adopted using an open-source MATLAB™ toolbox and a new method for DDA with surface interactions (called DDA-SI) developed by Loke and Mengüç [19] . The toolbox was further improved for computational efficiency adopting a vector formulation in the vectorized version of DDA-SI (DDA-SI-v) by Talebi-Moghaddam et. al [14] , where verification of the method was also provided. Recently, an updated version (called DDA-SI-z) was developed by Rostampour-Fathi et al. for the improved solver performance [20] .
Considering the problem investigated in this paper, all numerical simulations are performed with DDA-SI-v. Both Ag core-Au shell (Ag@Au) and Au core-Ag shell (Au@Ag) metallic NPs are studied with their LSPR response and absorption efficiency profiles. Comparisons are done based on the plasmon responses with respect to varying size configurations and surrounding media. Refractive indices of the medium above the surface are chosen between 1 and 1.5 so that it can be applied to water, hemoglobin/plasma [21] [22] [23] , and to other possible biological materials for biosensing applications. Further analysis will be conducted on selected core-shell pairs with the greatest absorption scenario to compare the effect of near-field coupling of external tip on the spectral absorption behavior.
PROBLEM STATEMENT AND METHOD
This study is divided into three parts for the comparison of Ag-Au core-shell metallic structures placed on a semi-infinite BK7 glass substrate subjected to an incident wave from below and within the surface with an incident angle (θ i ) greater than the critical angle (θ c ), resulting in a total internal reflection (TIR). Figure 1 depicts the resultant surface evanescent waves that interact with the coreshell structure defined with the core radius (R c ) or outer shell radius (R s ). As shown in the Figure 1 , nanoparticle interacts with both surface evanescent wave, and the surrounding media that consist of Figure 1 . A schematic view of the configuration for a single core-shell system being represented with core radius (R c ) and outer shell radius (R s ). TE-polarized wave is incident with an angle greater than the critical angle (θ c ) for TIR under the BK7 substrate that creates surface evanescent wave propagating and decaying in y-and z-directions, respectively upper medium and semi-infinite glass substrate. In this configuration, the TE-polarized wave is preferred for the investigation as the resulting absorption efficiency (Q abs ) is slightly larger than that with the TM-polarized wave. The incident TE-polarized wave is in the range of 300 nm to 800 nm. It should be noted that the incident wavelength in this problem is defined for the vacuum. However, the wavelength will be contracted as it travels into the dielectric substrate. Then, the interaction with the nanoparticle will take place in the upper-medium, where the wavelength is calculated again for the vacuum or other dielectric upper-medium cases. Although the wavelength undergoes a change in these media, the frequency remains the same due to the nature of the light. The first numerical analysis is based on the effect of size configuration on the absorption efficiency (Q abs ) and LSPR wavelength (λ max ) of the core-shell structure being placed in a vacuum on top of the substrate.
The size effect is studied for fixed core (FC) and fixed nanoparticle size (FNP) cases for Ag core-Au shell (Ag@Au) and Au core-Ag shell (Au@Ag) core-shell NPs. In the FC case, outer shell diameter is increased gradually to 50 nm while the metallic core is kept at 20 nm in diameter. The FNP cases involve core diameters between 15 nm and 45 nm as the overall NP size is fixed at 50 nm in diameter. The size configurations for the FNP and FC cases are defined for core and outer shell diameters with 3 nm and 2 nm increments, respectively, and are presented in Table 1 . Moreover, the change in core-shell size is parameterized with the volumetric filling ratio (f r ) of the core material, which is defined as the ratio of the core volume based on core diameter, D c , to the nanoparticle volume defined based on outer shell diameter, D s , as f r =(D c /D s ) 3 . The f r range considered is presented in Table 1 .
The second part of the problem considers the refractive index sensitivity of these structures as the dielectric medium over the BK7 substrate is varied. The effect of the top surrounding medium on the Q abs and λ max of the metallic core-shell NPs is studied with only FC cases. The core-shell pairs are considered with shell thicknesses, t s , between 5 nm and 15 nm, while the core is kept at 20 nm diameter. Since the refractive index of the BK7 substrate is about 1.52, upper medium refractive indices are varied between 1 and 1.5 so that the incident angle between θ c and 90 o can support TIR to create surface evanescent wave above the substrate. The selection of incident angle is important for obtaining the optimum absorption efficiency profiles. For the analysis, the intensity profile of the surface evanescent wave is considered as shown in the Eqs. (1) and (2), which depend on wave vector, k, incident angle, θ i , critical angle, θ c , elevation from surface, z, speed of light, c, wavelength, λ, and refractive indices of top medium and the substrate, n m and n BK7 , respectively.
As shown in equation (1), it should be noted that increasing angle of incidence will result in a decrease in surface evanescent wave intensity, which also decreases the coupling between the wave and the nanoparticle, and hence, the absorption. Therefore, the incident angles are selected as close as possible to the critical angles for each dielectric medium case. Table 2 shows the considered medium refractive indices (n m ) with their corresponding incident angles (θ i ), which are greater than the critical angles (θ c ) defined by Snell's law of refraction.
The last part of the problem is designated to consider the maximum absorption efficiency cases of Ag@Au and Au@Ag core-shell nanoparticles with fixed nanoparticle size found in the first part. The effect of an external tip on the LSPR response of the nanoparticles is investigated with the selected pairs. In addition to the TE-polarized wave in the first and second parts, the TM-polarized case is also considered in this part due to its partial polarization along the tip-NP axis as stated in [14] [15] [16] . The study in [16] showed that after 600 nm, the absorption level of the AuNP is converged to minimum values with negligible changes. However, the wavelength range of 300 nm-450 nm in [16] and [17] was not enough for the AgNP to experience the effects of the dielectric transition of the tip material. Therefore, the incident wavelength in this part is considered in 300 nm-600 nm range to examine the LSPR response of both bare metal and core-shell NPs. As shown in Figure 2 , the position of the spherical NP is considered as the origin of the cartesian coordinate system, and the tip is positioned over the NP at a coordinate (0, 0, 52) nm. The geometry of the external tip is defined with 10 nm tip radius, r tip , 50 nm shaft diameter, D shaft , so that the cone angle, α, is 16.7°. Both TE and TM polarized incident waves are considered; where TE-polarized wave creates the evanescent wave transverse to the tip-NP axis in y-direction, whereas TM-polarized wave has both y and z components. Figure 2 . A cross-sectional view of the external tip and nanoparticle configuration [14] . A MATLAB toolbox, the vectorized version of DDA-SI (DDA-SI-v), is utilized for the spectral absorption efficiency calculations in this study [14] . For the first part of the problem with single core-shell nanoparticles, the accurate calculation of absorption efficiency necessitates a sufficient number of dipoles (N NP ) to represent the nanoparticles. Hence, an optimum dipole number is determined as N NP =1472 based on the converged value of maximum Q abs values, which has been considered in the previous study of dielectric-metal core-shell pairs [10] . However, for the external tip and NP interactions, N NP is decreased to 552 due to a significant increase in the required computation time and memory with the introduction of the external probe. Then, a number of dipoles for the external probe, N Probe , is analyzed for the optimum shaft length so that a further increase in the probe length does not change the absorption significantly. In this study, the optimal shaft length is considered when the relative change of absorption becomes within 5%. Similar design has been used for the single AuNP and SiO 2 core-Au shell cases with the truncated shaft length of 390 nm in [13, 14] .
Throughout this study, the spectral refractive indices of the Ag and Au metals are obtained from the experimental measurements reported in [24] , while an empirical relation of refractive index with wavelength based on Sellmeier equation is used for the BK7 substrate. For the tip materials, the data for GaP and Silicon (Si) are used from [25, 26] , respectively. The plasmon responses of metal-metal core-shell NPs are numerically analyzed considering their spectral absorption efficiency values for both FC and FNP cases as shown in Figure 3 . Plasmon mode hybridizations are observed in FC and FNP cases of Ag core-Au shell (Ag@Au) NPs with varying shell thickness, t, between 5 nm and 15 nm. An increase in Au shell thickness results in a redshift of the ordinary modes (secondary peaks) in longer wavelengths that are located around 515 nm as shown in Figures 3 (a) and (b). These modes correspond to the LSPR wavelength of bare Au NP, which explains the Au shell domination as its thickness increases. Even if the extraordinary modes (first peaks) in Figure 3 (a) is not clear for shell thicknesses greater than 5 nm, an increase in shell thickness blueshifts this mode. This mode of plasmon resonance corresponds to field enhancements at the coreshell interface, while the ordinary modes are the result of field localization at the outer surface of the Au shell. The extraordinary and the ordinary modes, which are shown in Figures 3 (a) and (b) , are attributed to the surface plasmon resonances at the Ag core-Au shell interface, and at the Au shellmedium interface, respectively.
RESULTS AND DISCUSSIONS

Fixed core and fixed nanoparticle size
Contrary to the Ag@Au case, the spectral absorption profiles of Au core-Ag shell (Au@Ag) case with varying shell thicknesses have the greatest absorption peak at the extraordinary modes. Figures 3 (c) and (d) show the shielding effect of Ag shell on the plasmon response of the core-shell NP with narrower LSPR wavelength bandwidth. LSPR wavelengths redshifts by 10 nm to 365 nm, which corresponds to bare Ag NP's plasmon wavelength, as the Ag shell thickness increases for both FC and FNP cases. Ordinary modes (secondary peaks) are observed around 420 nm, with decreasing Q abs values in Figure 3 (d) , for the Ag shell thickness greater than 5 nm. In this scenario, the Ag shell dominates over the Au core with field localizations at the outer shell surface for both extraordinary and ordinary modes of the LSPR wavelength. Therefore, the prominent peaks are only observed in the extraordinary modes that arises from the resonance at the Ag shell-medium interface.
In Figure 4 , the effects of size configuration on the LSPR response of the NPs are further analyzed with the contour plots of FC cases and the volumetric filling ratio of the core materials based on the size configurations summarized in Table 1 . As discussed above, Ag@Au core-shell NP can support plasmon hybridization, which is depicted in Figure 4 (a) with two peak regions located around 365 nm and 515 nm. For outer shell diameters smaller than 25 nm, further decrease in shell thickness (t < 5 nm) results in greater Q abs values, which cannot be observed in Figure 3 (a). Further Au shell thickness increase in this FC case dominates the ordinary mode so that its LSPR wavelength moves towards that of the bare Au NP (515 nm). When the volumetric filling ratio, f r , of the core is smaller than 0.2, the absorption enhancement is not observed as shown in Figure 4 (b). However, a further increase in f r beyond 0.2 leads to increasing maximum Q abs values of Ag@Au NP by 22% and 91% for FC and FNP cases, respectively. When the f r reaches its highest value, the FNP case has greater absorption than the one in the FC case since the FNP represents greater Ag core size (45 nm) than the FC case with 20 nm core diameter. As the f r of the Ag core increases, the LSPR wavelength of the Ag@Au NP stabilizes around the bare Ag NP's LSRP wavelength. Similar to spectral absorption efficiency patterns shown in Results for Au@Ag NP pair shows that further increase in f r results in blueshift of the LSPR wavelength towards 335 nm as its maximum Q abs values decrease by 280% and 135% for the FC and FNP cases, respectively. By comparing the amount of damping in the Q abs values and shifts in the LSPR wavelengths, metal-metal core-shell NPs can be optically detected for material prediction and core/shell formation.
Refractive index sensitivity
The effect of upper-medium on the plasmon response of the metal-metal core-shell NPs on the substrate is analyzed for the FC cases with 5 different shell thicknesses in order to include the shell formation effect. Figure 5 depicts the spectral Q abs values with three different refractive indices of the top medium, n m , for both Ag@Au and Au@Ag NPs. The corresponding incident angles of the TE-polarized wave are chosen from Table 2 for each medium refractive index. Hybridization ofplasmon modes diminishes as the refractive index of upper-medium increases for the Ag@Au core-shell case as shown in Figures 5 (a-c) . Compared to the vacuum case (n m =1) in Figure 5 (a), increasing n m leads to greater Q abs values with redshifts in LSPR wavelengths from 510 nm to 540 nm, for maximum shell thickness case. Here, in Figures 5 (a-c) , an increase in n m also leads to broadening and narrowing of extraordinary and ordinary LSPR modes, respectively. In this scenario, the interaction between the Au shell and the dielectric medium dominates the one at coreshell interface. Hence, the only plasmon response of Ag@Au NP is observed for the ordinary mode. Similar LSPR wavelength redshifts and absorption enhancement can be observed in the Au@Ag case with an increase in n m . However, the spectral Q abs values of the Au@Ag case in Figures 5 (d-f) show the opposite trend of plasmon peak formation of the Ag@Au case. While the vacuum case provides one LSPR wavelength around 365 nm, an increase in n m causes distinguishable ordinary modes at longer wavelengths around 415 nm. These secondary peaks of the LSPR wavelengths start to move away from the first peaks as the refractive index of the medium is increased. Moreover, both Ag@Au and Au@Ag cases have enhanced absorption due to an increase in both nanoparticle size and refractive index of the medium above the substrate.
Further analysis is carried out with n m values between 1 and 1.5 for the selected Ag@Au and Au@Ag NPs with D c =20 nm and D s =50 nm. As discussed above, increasing n m values give rise to redshifts in LSPR wavelengths with an increase of Q abs values. For the selected size configurations, numerical simulations are performed with finer wavelength ranges, which are around the previously evaluated LSPR wavelengths. Figure 6 shows the maximum Q abs and corresponding LSPR wavelengths as a function of n m for both metal-metal pairs. A gradual increase in the refractive index of the medium from 1 to 1.5 shows that LSPR wavelength of the Ag@Au NP redshifts by 32 nm with absorption enhancement by more than 320%. In the Au@Ag case, this enhancement is observed as 140% with redshift in LSPR wavelength by 57 nm. This comparison shows that there is a balance between the tunability range of the LSPR wavelength and the absorption enhancement, when shell materials are switched. Figure 6 . Maximum Q abs and LSPR wavelengths, λ max , with respect to medium refractive indices, n m for both Ag@Au and Au@Ag.
Considering the Ag@Au case with maximum absorption enhancement shown in Figure 6 , normalized field intensity plots are studied to understand the shell-medium interaction. Figures 7 (af) show the field localizations observed in the Ag@Au pair for the medium refractive indices, n m , between 1 and 1.5. It is found that field localizations at the Ag core starts to diminish as the n m values increase from 1 to 1.5. Meanwhile, an increase in shell-medium interaction leads an enlargement of field localizations on the outer surface of the Au shell with multiple peak points. These multiple peak points reflect the surface charge density oscillations changing with the dielectric medium at corresponding wavelengths. As the refractive index of the dielectric medium increases, the local maxima points on the surface are observed to be evenly distributed showing that uniform heating in the medium is possible. This case also explains the effect of shell-medium interaction on the redshifted LSPR wavelengths that are found close to the LSPR wavelength of bare AuNP. As discussed in Section 2, an optimum shaft length is analyzed with the converged values of the absorption efficiency of the metal nanoparticle. One case is evaluated for AuNP in 50 nm diameter illuminated by TM-polarized wave at λ=520 nm. The external probe is located above the NP at (0, 0, 52) nm and made of silicon with the shaft length varying between 150 nm and 810 nm while the nanoparticle is represented with N NP =552 rather than 1472. As shown in Figure 8 , changes in external probe's shaft length results in oscillating absorption efficiency values that converge to Q abs =1.74. Considering a 5% relative error band, optimum truncated shaft length is found as L shaft =470 nm with the corresponding number of dipoles for the external probe, N Probe =8083. It should be noted that the convergence analysis is also carried out for other cases such as TEpolarization, GaP tip, and different wavelengths, which are found still within the 5% relative error band. However, the analyses for the Ag NP case or other core-shell NPs are not shown in this study.
External tip and nanoparticle interaction
The effect of external tip material is compared with the spectral absorption efficiency values of core-shell and bare metallic nanoparticles for the wavelengths between 300 nm and 600 nm. The core-shell pairs are selected from the optimum size configurations found in Section 3.1 with Ag@Au (D c =45 nm, D s =50 nm) and Au@Ag (D c =15 nm, D s =50 nm). Predicted Q abs values of the bare AgNP and AuNP with D=50 nm are taken as reference for the comparisons. An example of tip material effect is shown in Figure 9 for bare metallic nanoparticles illuminated with TE and TM polarized waves. The results show that TE-polarized cases represent negligible variation in maximum Q abs values for both AgNP and AuNP under GaP and Si tip. Since TE-polarized wave is transverse to the tip-NP axis, the spectral Q abs values follow the ones found for bare metallic NP's only with damping. The damping effect of external tip introduction is summarized for all NP types including the core-shell NPs in Table 3 , where the maximum absorption efficiency values found in no tip cases are decreased when GaP and Si tips are used in TE-polarized case. Considering TM-polarized cases of AgNP under external tip in Figure 9 (a) , the spectral absorption behavior shows that the use of GaP tip results in maximum Q abs values 13% at the 1 st peak and 11% at the 2 nd peak greater than the ones found with the use of Si tip. The corresponding LSPR wavelength, λ max , for these two peaks are 373 nm and 491 nm, respectively. Since both tip material behaves as a perfectly dielectric after λ=490 nm, absorbing behavior of the tips creates near-field interactions damping the absorption of AgNP at λ=373 nm. This effect can also be seen in Figure 9 (b) for AuNP with TM-polarization, where there is an oscillatory behavior of Q abs values for the wavelengths smaller than 490 nm. Therefore, the variation in maximum Q abs values is negligible, below 1%, for both tip materials as they behave perfectly dielectric at the peak wavelength (λ max =521 nm) of the AuNP case.
Similar to bare metal cases, GaP tip is found to be more effective than Si tip for absorption enhancement of the core-shell NPs, as listed in Table 3 . Hence, further comparisons for the spectral their LSPR peak wavelengths represented as Q abs @ λ max . ( absorption behavior of the NPs will be based on the GaP tip. The comparison of the selected coreshell pairs with TE and TM polarized cases for the absorption enhancement is considered next. It is shown in Figure 10 (a) that the spectral absorption pattern of Au@Ag does not change significantly for TE and TM-polarized cases when there is no tip. Absorption pattern similarity is also observed for TE case with and without GaP tip for which the LSPR wavelengths differ by less than 1%. Moreover, as the TE-polarization direction is transverse to the tip-NP axis, external tip does not alter the field localizations of the NP as shown in Figures 11 (a,b) . It is found that the use of GaP tip increases the maximum absorption efficiency by 14% in the TE-polarized case. For the TMpolarization cases, the maximum Q abs of the Au@Ag NP is damped by 12% around λ=370 nm. This kind of damping and enhancement of the absorption efficiency also exist in the bare AgNP case shown in Figure 9 (a). The main reason behind this scheme is the Ag shell domination for the selected Au@Ag pair, which can be seen in Figure 11 , where the local field intensities are collected mostly on the outer shell of the NP. Moreover, the dielectric transition of the GaP tip can be observed in Figures 11 (e ) and (f) with the TM-polarized case. It is shown that the field intensity is localized on top of the NP for the 1 st peak wavelength, where the imaginary part of the refractive index, k, of GaP is nonzero in Figure 11 (e). However, as shown in Figure 11 (f), field localizations move away from the apex of the NP and they are distributed over the Ag shell at the 2 nd peak wavelength, where the damping effect of GaP tip no longer exists.
It is observed in Figures 11 (a-b ) that TE-polarized cases with and without external tip for a given wavelength have similar field localizations over Au@Ag NP as there is no y component of the polarization. Similarly, for the Ag@Au NP with and without a tip in Figures 12 (a,b) , the field is localized both at the Ag core and on the outer surface of the Au shell. Considering Figure 10 (b) , the major effect on the absorption is observed for the GaP tip with the TM-polarized wave case. Contrary to the Au@Ag case, the TM-polarized case with GaP tip results in 10% absorption enhancement of Ag@Au around λ=390 nm. This can be attributed to the absorption Table 3 . When the driving force dominates over the damping due to Au shell material, absorption enhancement of Ag@Au NP is observed more than 65%. Therefore, Ag@Au NP has also similar behavior of bare AuNP as its Au shell dominates over Ag core material. Moreover, field intensity plots of Ag@Au in Figures 12 (c), (d) show the effect of external tip placement over the NP as the field is collected from the -y side of the outer shell surface to the apex of the NP, which proves the vertical coupling between the tip and the NP. As discussed in the subsection 3.2, it should also be noted that spotted field localizations on the outer surface of the metallic shell result from the surface charges at different modes of oscillations. Figures 11 and 12 represent these local maxima points regarding the unique conditions of given cases. Moreover, the nature of the dipole representation of the nanoparticles throughout the numerical analysis leads to a dotted texture on the field intensity plots.
Considering the results shown in Figures 9 -12 and Table 3 , absorption enhancements are found greater when the GaP tip is used. Other than the enhancement cases, external tip materials can also damp the absorption efficiency values of both bare metallic NPs and bimetallic core-shell pairs as compared to the cases without external tip. Comparing the TE polarized incident wave with and without external tip use shows that the introduction of tip damps the absorption efficiency values of all NP types due to lack of vertical coupling along the tip-NP axis. However, the absorption behavior is different for TM-polarized cases. Bare Ag and Au@Ag core-shell NPs are observed to have multipeak response, where the absorption enhancement occurs at the 2 nd LSPR wavelength, λ=490 nm. It is found that the damping of the absorption at the 1 st LSPR wavelength, λ=370 nm, results from the nonzero imaginary part of the refractive index of the tip material. However, the damping under TM-polarized incident light in presence of an external tip is not observed for bare Au and Ag@Au core-shell NPs since the increasing driving force with the introduction of an external tip can dominate over the damping factor of the NPs. This concludes the effect of shell material on the absorption behavior. Therefore, our study shows consistent results found in literature based on the damping effect and it is further extended to show the dielectric transition of external tip materials.
CONCLUSIONS
Spectral absorption profiles and LSPR response of the metallic core-shell nanoparticles are studied to discern their sensitivities to the changes in core/shell size configurations and the dielectric medium properties. The vectorized version of DDA-SI (DDA-SI-v) is used for the numerical analyses of Ag-Au core-shell pairs being placed over a glass substrate. Comparisons of absorption enhancement and LSPR wavelength shifts are performed with size parameter, f r , for fixed sizes of the core and the nanoparticle. More than one plasmon mode can be observed due to the hybrid structure of the coreshell NPs. Plasmon response of the Ag core-Au shell case is observed with blue-shift and red-shift in the LSPR wavelength for the first and secondary peaks, respectively. However, the plasmon response of the Au core-Ag shell case is affected by the shielding of the Ag shell that leads to the greatest absorption only at the extraordinary mode.
Parametric size comparisons showed that increasing volumetric filling ratio, f r , of core gives rise to maximum absorption enhancement over 91% for Ag@Au core-shell NP. However, an increase in f r of the core in the Au@Ag case results in damping of absorption efficiency values by 135%. These significant differences in absorption can be utilized in the characterization or sensing of the core-shell NPs and core/shell formation applications. Moreover, the changes in the refractive index of the dielectric medium above the glass substrate are compared for the absorption efficiency values and LSPR responses of the fixed core cases for both Ag@Au and Au@Ag core-shell NPs. It is shown that interaction between the metallic shell surface and dielectric medium leads to absorption enhancement as the refractive index of the medium increases. Maximum absorption enhancement is found for the Ag@Au shell case while greater redshift in LSPR wavelength occurs in the Au@Ag shell case. It is shown that there is a trade-off between the absorption enhancement and red-shift in the LSPR response. Therefore, selected core-shell NPs can be effectively used in biosensing and material detection by comparing their LSPR and absorption responses.
Further analyses are performed on the spectral absorption behavior of the selected core-shell (Ag@Au, Au@Ag) and bare metallic (Ag and Au) NPs that are placed under a dielectric external tip. External tip materials are considered with their changing dielectric behavior at increasing wavelengths. The results showed that the external tip introduction can both damp and enhance the absorption of the NPs. The analysis showed that the absorption enhancement with GaP tip was greater. Moreover, extended spectral absorption analyses show that damping characteristics of the external tip use can alter for different shell materials. Using a wide range of spectrum also helped us to observe the dielectric transition of the external tip materials.
Considering the redshifts in LSPR wavelengths, further analysis can be performed by keeping core diameter or shell thickness as constant while increasing the overall nanoparticle size. This study can also be extended further with local heating of an array of core-shell NPs in the presence of an external tip for nanomanufacturing purposes. Moreover, changing the medium refractive index similar to visceral organs can be utilized in tumor treatment applications to simulate the photothermal heating of the NPs under the effect absorption enhancement of an external tip.
